Co-CoO composite films were prepared by solution chemical technique using amine-modified nitrates and acetates in methanol. We study how particle size and porosity can be tuned through the synthesis parameters and how this influences the magnetic properties. Phase content and microstructure were characterised with grazing incidence X-ray diffraction and electron microscopy, and the magnetic properties were studied by magnetometry and magnetic force microscopy. Composite films were obtained by heating spin-coated films in Ar followed by oxidation in air at room temperature, and the porosity and particle size of the films were controlled by gas flow and heating rate. The synthesis yielded dense films with a random distribution of metal and oxide nanoparticles, and layered films with porosity and sintered primary particles. Exchange anisotropy, revealed as a shift towards negative fields of the magnetic hysteresis curve, was found in all films. The films with a random distribution of metal and oxide nanoparticles displayed a significantly larger coercivity and exchange anisotropy field compared to the films with a layered structure, whereas the layered films displayed a larger nominal saturation magnetisation. The magnitude of the coercivity decreased with increasing Co grain size, whereas increased porosity caused an increased tilt of the magnetic hysteresis curve.
Transition metals exhibit a range of interesting properties, including different magnetic properties. Cobalt (Co), along with iron (Fe) and nickel (Ni), is ferromagnetic, and widely studied for fundamental understanding of nanomagnetism as well as for various applications [1] [2] [3] [4] [5] [6] . Oxides and composites are also well studied for magnetic purposes [7] [8] [9] [10] [11] , but also for applications in other fields such as catalysis, rechargeable batteries and sensors [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Cobalt metal exhibits ferromagnetism below its Curie temperature (T C ) of 1388 K [8, 22] . The synthesis of phase-pure nano-size Co can be challenging due to its high affinity for oxygen, which allows it to readily form oxides. The two stable oxides are CoO, which has a rock-salt structure, and Co 3 O 4 that has a mixed valence and a regular spinel structure. CoO and Co 3 O 4 order antiferromagnetically at low temperature, with Néel temperatures (T N ) 291 K [8, 23] and 33 K [24, 25] , respectively. At room temperature, Co oxidises to CoO, while Co 3 O 4 is formed when heated in the presence of oxygen [26, 27] . Thus, when handled in the ambient air, CoO will form at the cobalt surfaces. In the synthesis of Co-CoO composites, such as bilayers and core-shell particles, this can be turned into an advantage and utilised as a part of the synthesis route [28, 29] .
There is great interest in the synthesis and study of nanocomposites. The intimate mixture of two phases achieved in nanocomposites can give rise to unique properties. Exchange anisotropy-i.e. an interaction between two connected materials with different magnetic properties, e.g. antiferromagnetic and ferromagnetic-can be observed as a shifted magnetic hysteresis curve. It was first discovered in the Co-CoO system [30, 31] and has since led to a large interest in the study of both this and other systems for magnetic information storage applications. Morphology and particle size have a profound effect on the properties in nanomaterials. For example, the occurrence of a phenomenon like superparamagnetism is dependent on particle size, and the properties of core-shell particles depend on the core:shell ratio [28, 32, 33] . Solution-based synthesis methods offer an incomparable flexibility concerning morphology, phases and composition [34] [35] [36] . By optimising the synthesis parameters, a range of different materials, from monodisperse nanoparticles to thin films and other nanostructures, can be obtained. It may enable synthesis of metastable phases, and both binary and complex oxides can be prepared with high control of the composition and element homogeneity. There is a wide variety of 
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Thin Solid Films j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / t s f precursors available, from simple salts, such as acetates and nitrates, to heterometallic metal-organic molecular precursors, as well as a range of solvents and additives.
In the preparation of thin films, solution methods are attractive to use due to relatively inexpensive equipment compared to vacuum methods, such as physical vapour deposition, and they are relatively easy to upscale. The possibility of preparing films with controlled nanostructure such as porosity, e.g. by evaporation-induced self-assembly, also offers many fascinating possibilities [37, 38] . There is a variety of deposition techniques available, such as spin-and dip-coating. Film thickness can be controlled by the solution concentration, as well as by spin velocity and withdrawal angle and velocity. Also, post-deposition treatments of the gel-film, such as ageing and heating, affect film properties.
However, for tailoring of nanostructures through solution synthesis, SiO 2 based materials still remain the by far most studied. Reaction patterns and processes become far more complex for transition metals, which are not red-ox stable and do not readily form amorphous structures. Thus, it is important to develop and study precursor systems and synthesis paths for these materials in order to control the nanostructure and phase composition, and thereby tailor the physical and chemical properties. Here we describe solution-chemical preparation and magnetic properties of Co-CoO composite thin films with different morphologies. We study how particle size and porosity can be tuned through the synthesis parameters, and how this influences the magnetic properties. The films were characterised with grazing incidence X-ray diffraction (GIXRD), and electron microscopy, and their magnetic properties were studied using superconducting quantum interference device (SQUID) magnetometry and magnetic force microscopy (MFM). The occurrence and nature of exchange anisotropy in the films are explained by differences in nanostructure and intermixing of the Co and CoO phases.
Experimental details

Synthesis
The samples in this study are random (Series A) and layered (Series B) Co-CoO composite films, respectively. The films were fabricated from single depositions of 1.0 M cobalt solutions by spin-coating at 3000 rpm for 50 s on silicon substrates. The preparation of the methanolic solution Fig. 2 . SEM micrographs, surfaces and cross sections, of the films in series A. A1 and A2 were heated at 20°C/min, while A3 and A4 were heated at 5°C/min. A1, A3, and A4 were heated at the out-position, and A2 was heated at the in-position. Fig. 1 . Illustration of the placement of films in the furnace tube (gas flow is indicated by arrows), and SEM images illustrating an example of different morphologies obtained at the "in" and "out" positions when heating at 5°C/min to 500°C.
of cobalt nitrate and acetate, with addition of triethanolamine, is described in detail elsewhere [29, 39] . The as-obtained gel films were heated to 500°C in flowing Ar at 5°C/min and 20°C/min, using two different gas flows. The higher flow, 190 standard cubic centimetres per minute (sccm), was used for heating rates of 5°C/min and 20°C/min, and the lower flow, 110 sccm, was used for 5°C/min. To simultaneously yield films of different morphologies, the gel films were heat treated in pairs using a specially designed furnace tube (Ø 4 cm, length 50 cm) (Fig. 1 ). In addition, one gel film was heated separately at 5°C/min in a regular longer furnace tube (Ø 6 cm, length 100 cm).
X-ray diffraction and electron microscopy
The phase composition of the films was analysed with GIXRD in a Philips X'Pert MRD diffractometer with a parallel beam setup using Cu Kα radiation, a primary Ni/C X-ray mirror and a secondary 0.18°parallel plate collimator and flat graphite monochromator. Incidence angles of 2°and 0.35°were used. The morphology and thickness of the films were analysed with scanning electron microscopy (SEM) using a Zeiss LEO 1550. Transmission electron microscopy (TEM) was performed on film cross sections using a FEI Tecnai G2 TF20 UT with a field-emission gun operated at 200 kV with a point resolution of 1.9 Å, equipped with an energy dispersive spectrometer (EDS). Bright field (BF) imaging, selected area electron diffraction (SAED), high-resolution transmission electron microscopy (HRTEM) and EDS mapping were performed in order to locate the cobalt oxide and metal phases in the films and to study the grain sizes and crystallinity.
Magnetic measurements
Magnetic measurements were performed using a Quantum Design MPMS-XL SQUID magnetometer. To investigate the occurrence of unidirectional exchange anisotropy, a number of cooling field measurements were performed. In each such measurement, a magnetic field (H cool ) in the range of 0 kA/m to 1600 kA/m was applied at 350 K and the sample was cooled down to 10 K where the magnetisation (M n ) vs. field (H) was measured in the range of ± 1600 kA/m. The magnetisation refers to nominal magnetisation, i.e. magnetic moment divided by the nominal film volume (including internal porosity). The nominal saturation magnetisation (M S,n ) was determined as the diamagneticallycorrected measured magnetisation at 800 kA/m in the high cooling field curves. All SQUID measurements were diamagnetically corrected for the substrates. A Dimension 3100 Magnetic Force Microscope (MFM) working in lift mode was used for studying magnetic stray fields due to porosity. The instrument was equipped with a specially designed electromagnet making MFM imaging in field possible, using a standard MFM tip. Prior to the measurements, a field of 32 kA/m was applied parallel to the surface of the sample. After removal of the field, MFM imaging of the remanent magnetic state of the sample was performed. To ensure the magnetic origin of the contrast, the procedure was repeated with the field in the opposite (180°) direction.
Results and discussion
Previous studies [29] have shown that the phase content of the films can be varied by altering the heat treatment atmospheres at different temperatures; heating in oxygen or air results in single phase Co 3 O 4 films, whereas single-phase CoO films are obtained by switching gases from inert to air or O 2 at 120°C on cooling down. Composite films of Co-CoO are obtained by heating in inert atmosphere followed by oxidation in air, and the ratio between the phases can be altered depending on film thickness and at which temperature during the cooling from 500°C the atmosphere is changed from inert to air [29] . In the present study, the oxidation in air was performed at room temperature.
Simultaneous heat treatment of several films placed along the direction of the gas flow in a specially designed furnace tube generated films of different morphology depending on their relative position in the tube (Fig. 1) . The film located closest to the gas inlet contained larger particles/more porosity as compared to the film farthest away from the inlet. It should be emphasised that this is the result of gas equilibria above the films, and not an effect of a temperature gradient. A temperature gradient due to cooling from the gas would have resulted in the opposite trend with smaller particles closest to the inlet, and a temperature gradient due to the furnace would have yielded small particles close to the inlet when the tube was placed in the opposite direction inside the furnace. By utilising this effect in combination with different heating rates and gas flows, films of varying morphology were synthesised and magnetically characterised.
Particle size and porosity
The particle size was found to depend on I) heating rate, the particle size was larger when lower heating rate was employed; II) gas flow, the particle size was slightly larger when higher gas flow was employed; and III) position in the furnace tube, the particle size was larger in 3 . SEM micrographs, surfaces and cross sections, of the films in series B. B2 and B3 were heated at 5°C/min, in low and high gas flows respectively, in the designed tube, while film B1 was heated at 5°C/min in a regular wider tube.
films located at the in-position than at the out-position. The effect of the position in the tube was considerably larger for low heating rate compared to high heating rate.
Heating at 20°C/min yielded dense and smooth films, about 110 nm thick. Particle size was 10-40 nm (typically 15 nm) for the in-position, and 5-30 nm (typically 10 nm) for the out-position. For films heat treated at 5°C/min, there was a more pronounced effect on the morphology from the position in the tube. The out-position yielded similar film morphologies as obtained with the high heating rate (Fig. 2) , although the particle sizes were larger and the size distribution was wider. Low gas flow resulted in slightly smaller particles, typically 30 nm, and a narrower size distribution, 10-50 nm, compared to the higher flow, which yielded a typical size of 40 nm and a wide size distribution, 10-70 nm (Fig. 2) . The Co-CoO phase distribution of the dense and smooth films obtained at both positions for 20°C/min (film A1 at the out-position, film A2 at the in-position), and at the out-position for 5°C/min (film A3 in low flow, film A4 in high flow) is described in Section 3.2.
Films heated at the in-position at 5°C/min had a film thickness of 70-75 nm and a considerably different morphology with larger aggregates of primary particles (Fig. 3 ). The gas flow had a pronounced effect, and the higher flow resulted in strongly sintered primary particles and a highly porous structure with large pores, whereas the lower flow resulted in a lower degree of porosity with smaller pores and also non-agglomerated primary particles (about 10 nm) distributed over the surface and in pores. The phase distribution of these two films (B2 in low flow, and B3 in high flow) is described in Section 3.3, together with the film prepared at 5°C/min in a regular furnace tube. This film (B1), about 60 nm thick, had a similar structure with larger grains of sintered primary particles, but a lower degree of porosity limited to interparticle voids.
Series A
The GIXRD patterns (Fig. 4) recorded at 0.35°and 2°for the dense and smooth films (A1-A4) are similar, indicating that the surface composition is representative for the whole film, i.e. the oxide and metal phases are evenly distributed throughout the film. TEM studies of samples A1 and A2 support this, showing a random mix of Co and CoO nanoparticles. Sample A1 consists of nanocrystalline Co and CoO in separate grains (Fig. 5 ). Sample A2 is quite similar, but the Co grains are slightly larger and some have a thin layer of CoO. Amorphous grain boundaries are seen in both samples with HRTEM. The increasing Co grain size is also observed by XRD and SEM. Inspection of the width of the Co peak at 44.2°indicates a decreasing FWHM value, i.e. an increasing Co grain size in the following order; A1 b A2 b A3 b A4, whereas the CoO grains have similar size in all samples. The same trend is observed with SEM ( Fig. 2 ) with an increasing typical particle size from about 10 nm for sample A1, to about 40 nm for sample A4. Small CoO particles are also seen, resulting in an overall particle size distribution that also follows the trend A1 b A2 b A3 b A4. 6 . GIXRD of samples B1-B3 recorded at incidence angles 0.35°and 2°. Patterns recorded at 2°correspond to the entire film, whereas at 0.35°only the top layer is diffracting. In series B, especially B1 and B3, it is evident from the difference in XRD patterns recorded at different angles that there is an oxide layer at the surface. 
Series B
For films B1 and B3, GIXRD analysis with incidence angles 0.35°and 2°shows that there is more CoO at the film surface (Fig. 6) . A layered structure is confirmed by TEM analysis of sample B1, where EDSmapping shows an oxide layer on top of the metal and also an additional oxide layer of a few nanometre thickness between the metal layer and the substrate (Fig. 7) . HRTEM shows a well-crystallised structure with no amorphous grain boundaries. Some of the metal grains are single crystals and some are polycrystalline, with no CoO in the Co-Co grain boundaries (Fig. 8) . B3 has a similar structure but with more porosity.
For film B2, there is only a small difference between the two XRD scans performed at different incidence angles (Fig. 6 ). This lack of significant difference could be due to the large number of non-agglomerated primary particles and their high surface-to-bulk ratio which makes them highly susceptible to oxidation. It is thus reasonable to assume that these small nanoparticles consist of CoO, and their presence in the many pores and voids may explain the more even distribution of oxide throughout the film thickness, as observed by GIXRD. SEM shows a similar microstructure for all B samples with larger grains that have sintered together (and additional primary particles for B2). It is thus likely that the large grains of B2 form a similar layered structure as B1 and B3. There is an increase in porosity when going from B1 to B2 to B3. Film B1 has few and small pores of about 10-15 nm, B3 has pores of roughly the same size as the grains, i.e. N100 nm, and a proportion of porosity of about one third, and B2 exhibits intermediate porosity (Fig. 3) .
Magnetic properties
All films of series A exhibit exchange anisotropy, indicating a CoCoO interaction, and have similar-looking hysteresis curves (Fig. 9) . In   Fig. 9 , the most obvious changes at high cooling fields are visible in the top part of the hysteresis curves where the nominal magnetisation is positive. The exchange anisotropy fields (H ex )-defined here as the shift (H 1 + H 2 ) / 2 of the hysteresis curve where H 1 and H 2 correspond to the positive and negative fields where the magnetisation is zeroare largest for samples A1 and A2, for which H ex is about − 80 kA/m, whereas the corresponding values for A3 and A4 are ca − 40 kA/m. The coercivity (H C = (H 1 − H 2 ) / 2) for both low and high cooling fields increases as the particle size decreases (H C − A4 b H C − A3 b H C − A2 b H C − A1 ) which can be expected as particles become smaller and thus more single domain-like [40, 41] . H C is larger at the high cooling fields compared to the low cooling fields for each sample, and ranges from 93 kA/m (A1) to 147 kA/m (A4) for the low cooling fields, and from 106 kA/m (A1) to 184 kA/m (A4) for the high cooling fields.
The shape of the magnetic hysteresis reflects the B1-B2-B3 porosity trend; the squareness of the hysteresis curve is largest for film B1, and then decreases for B2 and B3 (Fig. 10) . The cooling field measurements reveal exchange anisotropy in all three samples, and the effect follows the same trend as the squareness of the hysteresis curve; the exchange bias field is largest for B1 (−12 kA/m), intermediate for B2 (−8 kA/m), and smallest for B3 (− 5 kA/m). The coercivity, however, does not follow the same trend, as H C is smallest for B1 (ca 40 kA/m), slightly larger for B3 (ca 50 kA/m), and largest for B2 (almost 70 kA/m). For all three B films, there is a small increase in H C at high cooling fields compared to the low cooling fields.
For both series A and B, isothermal M n vs. H scans, performed at temperatures in the range of 10-380 K, show that the exchange anisotropy effect remains in the films below T N , but the effect is temperaturedependent and decreases as the temperature increases (Fig. 11) . At temperatures of 10-200 K, the hysteresis curves are shifted, but the shift and H C decrease as the temperature is increased. At 300 K and above, the shift has disappeared and there is only a small decrease in H C with increasing temperature. At these high temperatures, the hysteresis curves are centred around zero field, which confirms that 350 K is a high-enough temperature to be used between the cooling field measurements in this study. The decreasing coercivity with increasing temperature could be due to film strain and a contribution to the magnetic anisotropy from magnetoelastic energy.
At 10 K, the hysteresis curves are shifted towards negative fields. Exceptions to this are found for the low cooling fields of A2 and B3, for which the hysteresis curves are shifted towards positive fields as a result of previous magnetic measurements. The shifts (H ex ) for series B are small, whereas series A displays larger shifts. This indicates a stronger interface exchange interaction or a larger Co-CoO interface area in series A, consistent with the observed microstructure. Also, H C is larger for series A, whereas M S,n is larger for series B. The larger H C in series A can be explained by the smaller grain size of series A. Moreover, the coercivity increases in the following order A4 b A3 b A2 b A1, which also is nicely explained by the decreasing grain size becoming more of single-domain size going from A4 to A1 [40] . M S,n for all films are significantly smaller than M S for fcc-Co, 1353 kA/m [42, 43] , consistent with the oxidation of part of the Co to CoO. For series B, the volume fraction of pores will also affect the nominal saturation magnetisation. M S,n values of series B are all larger than for series A, consistent with the larger amount of oxide in series A, and in series B, the larger amount of oxide in B2 is also manifested in a lower M S,n compared to B1 and B3.
To determine the remanence (M R ) and to calculate remanence squareness (S = M R /M S,n ) and coercive squareness (S* = 1 − M R / [H C × (∂M n / ∂H) HC ], we first compensated for H ex to make the hysteresis curves centred around zero field. Series B has larger S* than series A, and B1 has the largest S* of all the films. In series B, both S* and S decrease when going from B1 to B2 to B3, whereas in series A, there is no apparent trend for A1-A4. Comparing the high cooling field to the low cooling field of the same sample reveals that S* and S for series B are practically unchanged or only slightly increased, whereas there is quite a significant increase in S* and S for series A when the high cooling fields are applied.
In series B, the decreasing squareness (S* and S) and increasing tilt of the hysteresis curve (i.e. decreasing S*), when going from B1 to B2 to B3, are due to local stray fields (local demagnetising fields) induced by the porosity, implying that the intrinsic field in the grains will be smaller than the applied field. This is supported by MFM measurements on B1 (low porosity) and B3 (high porosity). In Fig. 12 , the topography of a 2 μm × 2 μm area of B3 and the magnetic contrast at the same location in zero field are displayed. Prior to the measurement, an in-plane magnetic field was applied in the direction as indicated in the figure. The magnetic images (Fig. 12 b,c) reveal dark and bright contrast areas that were inverted when the field was applied in the opposite direction, a clear indication of the magnetic origin of the contrast. Comparing the MFM results for films B1 and B3 (Fig. 13) , one observes a more pronounced magnetic contrast in B3 compared to B1, which indicates an increase in local magnetic stray fields due to increased number and increased sizes of the pores.
Conclusions
In conclusion, Co-CoO nanocomposite films were prepared from methanolic solutions of amine-modified nitrates and acetates. Gas flow and heating rate controlled porosity, particle size, and oxide distribution. All films exhibit exchange anisotropy as a result of FM-AFM interaction. Films with a random distribution of metal and oxide nanoparticles displayed a significantly larger coercivity and exchange bias field compared to the films with a layered structure, whereas the layered films displayed a larger nominal saturation magnetisation, consistent with the larger amount of oxide in series A. In the randomly ordered films, the magnitude of H C increased with decreasing Co particle size. For the layered films, progressively larger porosity caused an increase in magnetic stray fields, resulting in decreasing S and S* squareness. Thus, the synthesis method is highly flexible, and by tuning the heat treatment parameters, the phase distribution and microstructure, and thereby the magnetic properties, may be tailored.
